The study of seasonal root dynamics and turnover in the field is often limited by numerous methodological problems associated with sampling, observation and analysis. Plant roots are not easily separated from soil, and most methods are tedious, laborintensive and either destructive to the root or involve an alteration to their natural environment. Rhizotron techniques, in which roots are studied through a transparent window or tube, have been shown to be suitable for studying in situ root development and making repeated, non-destructive observations of the same system over time
Background
The study of seasonal root dynamics and turnover in the field is often limited by numerous methodological problems associated with sampling, observation and analysis. Plant roots are not easily separated from soil, and most methods are tedious, laborintensive and either destructive to the root or involve an alteration to their natural environment. Rhizotron techniques, in which roots are studied through a transparent window or tube, have been shown to be suitable for studying in situ root development and making repeated, non-destructive observations of the same system over time (Böhm, 1979 , Hansson et al., 1990 , Andrén et al., 1993 , 1996 .
The development of a computer analysis routine for rhizotron images has become increasingly common and is attractive because it offers objectivity between samples and sampling dates. With digital rhizotron images, computer processing to separating roots from the background as well as measuring various root system properties (area, length, diameter) becomes possible. An automatic analysis technique would makes it more practical to increase the number of samples or observations taken.
However, there are several difficulties. All initial images must be as informative, clear and consistent as possible. The discrimination of viable roots from a variable background soil structure is inherently difficult, and both the conditions for image recording, e.g. lighting and exposure levels, and the image filtering process need to be carefully selected (Andrén et. al., 1996) . Our objective here is to outline the procedures for optimizing rhizotron image acquisition, and present a processing algorithm for the estimation of root length from these images.
Rhizotron images
The rhizotron, described in detail by Hansson et al. (1990) , has 18 below-ground windows facing a 1 meter deep profile of separate soil plots. All windows face a sandy soil, of which half have a moderately higher organic matter content. In early May, 1997, Agrostis capillaris and Trifolium repens were sown monoculturally in 4 plots each and a mixture of the two species was sown in six plots. All stands were fertilized initially with a low dosage of nitrogen and kept well watered throughout the season.
We mounted 35 x 35 x 6 mm iron L-beams above the windows in the rhizotron to accommodate an adjustable hanging camera stand which is moveable from window to window. The apparatus allows for perpendicular alignment of a camera with any window and for easily returning the camera to the same area on different occasions.
Rhizotron images were taken with a Kodak DCS 420 (monochrome) digital camera using a Nikon 50 mm lens. The DCS 420 combines the body of a Nikon N90 SLR camera with a 1524 X 1012 CCD (charged coupled device) array and has 8 bit graylevel pixel resolution. Two lights, each containing two standard 18 W fluorescent tubes with diffusers, were used for window illumination and placed on either side of the camera stand. The images are temporarily stored in standard Tagged Image Format Files (TIFF) on a removable PCMCIA hard disk in the camera.
Image processing
The images are transferred to the computer either with the removable hard disk, or by directly downloading them from the camera through a SCSI interface. They are then imported into the Khoros software package (Rasure & Young, 1992) for processing and analysis. An algorithm was developed for separating the roots in the rhizotron images from the background soil structures, and then preparing them for analysis (Brandtberg et al., manuscript) . The steps of the algorithm were created as an executable procedure in Cantata, the visual programming language of the Khoros package, and are described below and listed in Table 1. 1. A 5 X 5 mean filter ring is first passed over the image for removing small brightness points caused by reflections of sand particles. This filter functions first by determining if the gray-level value of the center pixel in the ring exceeds a specified threshold value in comparison with the maximum pixel value in the surrounding ring. And second, if the previous is the case, by replacing the center pixel value with the mean value of the pixels in the ring. 2. A transformation of the image is performed for improved thresholding. The transform was originally developed for use on unevenly illuminated images (Kindratenko et al., 1995) . The transform equalizes the gray level of the designated "active" roots to the same value, and subsequently equalizes the gray level values of the background in the same way. 3. Convolution filtering for extracting lines and edges is an operation performed on all pixels in an image. A kernel of numbers is passed over each pixel and the numbers are multiplied by each corresponding pixel value and its neighbors within the kernel region. The first derivative is then taken of the results for edge detection, and the new value is placed in the original pixel location (Russ, 1995). 4. Multiple thresholding was implemented around the chosen gray-level values for "active" root pixels in the image. The main idea is to divide the image up into three main regions; "active" roots, background (both light and dark) and possible roots. The latter is of interest in future procedure development. Upper and lower threshold values for the "active" root pixels where specified from optimization runs. Two other threshold limits where specified for gray-level values which could possibly be roots. All remaining values, outside these ranges, were considered background. 5. A (3,4) distance transform (Borgefors, 1986) was calculated onto the regions relative the borders of identified roots. This transform makes use of different weights (3 or 4) depending on the step direction (horizontal/vertical, diagonal) in the digital image. The main purpose behind this transformation is preparing the image for the following step. 6. Skeletonization erodes the active roots to identify their main axis. We used Sanniti de Bajas (1992) skeletonization routine because it is a secure and reversible procedure. It works by removing pixels from the structure conditionally, e.g. except when doing so would cause a separation of one region into two, to create a single pixel wide axis of the root structure. 7. A routine was developed for the removal of short isolated skeleton segments in the image, with a pre-defined threshold for the minimum acceptable number of pixels in a segment. This is assuming that all such short isolated skeleton segments are small background particles which escaped previous filtering. 8. Conditional growing, or reversal of the skeletonization, of the remaining skeletons was performed on the previous image. This was done conditionally, depending on whether or not there was a connection in an 8-pixel neighborhood of the segmented image.
Image analysis
These segmented binary images are now used for the analysis of various root variables. Root length is estimated from the shape of the skeletonized image from step 7 via the corner count estimator (Dorst, 1987) .
L c (n e ,n o ,n c ) = 0.980*n e + 1.406*n o -0.091*n c
Where n e , n o , n c are the number of even, odd and corner pixels, respectively. The parameters shown in eq. 2 were calibrated by a series of optimization runs on various digitized contours.
